We have updated our previous randomised controlled trial comparing release of chromium (Cr) and cobalt (Co) ions and included levels of titanium (Ti) ions. We have compared the findings from 28 mm metal-on-metal total hip replacement, performed using titanium CLS/ Spotorno femoral components and titanium AlloFit acetabular components with Metasul bearings, with Durom hip resurfacing using a Metasul articulation or bearing and a titanium plasma-sprayed coating for fixation of the acetabular component.
Tribological, joint simulator studies and mathematical models have suggested that components with a larger bearing size and those with small clearance reduce the amount of wear, and hence release of ions. [19] [20] [21] [22] Most published data on metal ions after large metal-on-metal bearings have shown elevated levels of chromium (Cr) and cobalt (Co) ions [23] [24] [25] compared to McKee-Farrar 26 and 28 mm Metasul bearings (Zimmer, Warsaw, Indiana). 5 , 27 Release of metal ions does not arise only from surface wear of the implant bearing. Passive corrosion of implanted metal will manifest surface corrosion to a certain extent and increase levels of metal ions in body fluids. 28, 29 In a previous publication, 30 we reported the levels of Cr and Co ions over two years following resurfacing using the Durom hip system (Zimmer). These patients were participating in a randomised study comparing multiple outcomes of metal-on-metal hip resurfacing and 28 mm THR. [31] [32] [33] [34] [35] [36] In this analysis, the main objective was to compare the concentrations of Cr, Co and titanium (Ti) ions in patients randomised to 28 mm diameter metal-on-metal bearing THR or hip resurfacing.
Patients and Methods
A prospective, randomised study comparing the clinical outcome of metal-on-metal THR and hip resurfacing in patients aged 18 to 65 years was undertaken after obtaining ethical approval (n = 210). The two cohorts have been described previously. 31, 37 Of the first 180 patients participating in the trials, we were able to recruit 117 (53 THR, 64 hip resurfacing) for blood sampling analysis of metal ions after excluding patients with other metallic implants, such as previously replaced joints and internal fixation devices. 30 Implants. The Durom resurfacing system (Zimmer, Fig. 1 ) was used for the hip resurfacing group. The femoral and acetabular components were made of wrought-forged, high-carbon content Co-Cr alloy (Co-28Cr-6Mo, 0.20 to 0.25 C). The surface roughness (R a ) was < 0.005 μm, the sphericity deviation was < 10 μm and the radial clearance was approximately 75 μm. Hybrid fixation was obtained with a cemented femoral and a press-fit acetabular component coated with vacuum-sprayed Ti plasma for secondary bone integration (200 μm to 400 μm thickness, Rz 150 μm to 250 μm roughness).
The wrought-forged, grit-blasted, uncemented Ti CLS/ Spotorno femoral component (Zimmer) was used in the THR group. The Ti grit-blasted AlloFit acetabular component (Zimmer) with a macro-textured Ridgelock surface was inserted as a press-fit. A Metasul (Zimmer) wrought, highcarbon content Co-Cr alloy (Co-28Cr-6Mo, 0.2 to 0.25 C) femoral head and modular Metasul polyethylene sandwichtype acetabular insert were implanted as bearing surfaces. The surface roughness (R a ) was < 0.005 μm, the sphericity deviation was < 10 μm, and the radial clearance was approximately 45 μm. Sample collection and analyses. Venous whole blood was collected pre-operatively, and at three, six, 12 and 24 months post-operatively. In addition, serum and erythrocytes were sampled at 12 and 24 months in 51 patients (51 whole blood and serum samples and 38  erythrocyte samples in 34 hip resurfacings and 17 THRs) . The technique and method of analysis have been previously described. 30 Outcome measures included the University of California Los Angeles (UCLA) activity score, 38 the Western Ontario McMasters University (WOMAC 39 ) score and the Merle D'Aubigne 40 and Postel score. The radiological analysis has also been previously reported.
30
Statistical analyses. All statistical analyses were carried out with SPSS 15.0 (SPSS Inc., Chicago, Illinois). Student's t-test and the chi-squared test were used to compare the two treatment groups for continuous and categorical variables, respectively. Repeated-measures analysis of variance (ANOVA) served to assess ion levels over time. Simple regressions were undertaken to evaluate the relationship of different factors to levels of Cr, Co and Ti ions. The concentrations of ions in whole blood, serum and erythrocytes were compared by paired t-tests and Pearson's correlation coefficient, and their hypothesised ratio of 1 was subjected to single-sample testing. Lequesne's test was adopted to determine normal distribution of the data sets. In all cases the data were distributed normally. Continuous variables are presented as means with SD and categorical variables as frequency and percentage. Statistical significance was defined as p < 0.05.
Results
The demographic data and follow-up were similar for both groups (Table I) . Two patients with hip resurfacing were excluded during the follow-up period because of early revision for loosening of the femoral component. During the period of follow-up we discontinued blood sampling in 21 patients because of surgery on their contralateral hip, or because they had received another metallic implant. The incomplete collection of data at the different periods of follow-up is presented in Table II .
The pre-and post-operative concentrations of Cr, Co and Ti ions in whole blood are summarised in Table III and Figures 2 to 4. Significant increases in Cr, Co and Ti were observed in both groups at each post-operative evaluation (p ≤ 0.017 for THR and p ≤ 0.001 for hip resurfacing) compared to the pre-operative values. In the latter group, a significant decrease in Co was found between the three-month and six-month assessments (p < 0.001) and the six-month and one-year assessments (p = 0.009), but no significant change was apparent between the one-year and two-year reviews (p = 0.972). For Cr in the resurfacing group, a significant diminution was only seen when comparing threemonths and one-year (p = 0.028) or two-year evaluations (p = 0.014). In the THR group, Co and Cr concentrations did not change significantly after the three-month assessment (p > 0.05 for all periods). In the resurfacing and THR groups, a significant decline of Ti concentrations was seen between Anteroposterior radiograph of the pelvis of a patient randomised for 28 mm metal-on-metal total hip replacement of the right hip and hip resurfacing of the left hip; the operations were performed 12 months apart (this patient was included in the present metal ion report until he underwent hip resurfacing of his left side).
each evaluation: three months compared with six months (resurfacing p < 0.001/THR p = 0.01), six months compared with one year (resurfacing p < 0.001/THR p = 0.01) and one year compared with two years (resurfacing p < 0.001/ THR p = 0.03). Both groups had similar pre-operative mean levels of whole blood ions. However, the Cr, Co and Ti levels were significantly higher in the resurfacing group than in the THR group at three months. Additionally, Ti levels were significantly higher in the former at six, 12 and 24 months (p ≤ 0.001). At two years, the mean levels of Cr ions in the THR and resurfacing groups were 1.6 and 1.8 times higher than pre-operative values and were increased by a factor of 6.3 and 4.2 for Co ions and by 2.3 and 3.2 for Ti ions, respectively.
All demographic and pre-operative factors, including gender, and the mean values of age, height, weight, body mass index, UCLA activity score, WOMAC score, femoral offset, angle of inclination of the acetabular component as well as the levels of pre-operative Cr and Co ions, were tested univariately to assess their potential influence on the mean postoperative levels of Cr, Co and Ti ions in whole blood at all periods of follow-up. Examining all patients together and both groups separately, the univariate results did not show significant and consistent correlations between one ion concentration and any of the factors tested. However, by comparing hip resurfacing and THR patients, and both groups together, we could identify some tendencies. At one and two years, men and patients with an acetabular component size of 54 mm or more presented with lower mean levels of metal ions (Cr, Co and Ti), with mean ratios of 0.84 (0.75 to 0.97) for men/women and 0.81 (0.74 to 0.91) for patients with different sizes of acetabular component. Comparisons of the concentrations of Cr, Co and Ti ions in whole blood, serum and erythrocytes in the same patients at a one-or two-year follow-up are presented in Tables IV to VI. A significant difference was found between the mean concentration for the three ions in each medium. Pearson's correlation coefficient between each medium was significant for Cr, Co and Ti, except when comparing concentrations of Cr and Co in whole blood versus erythrocytes, and concentrations of Cr in whole blood versus serum. For the three ions, serum concentrations were the highest and erythrocyte concentrations the lowest. Comparing the ratios of serum versus whole blood, whole blood versus erythrocytes, and serum versus erythrocytes showed significant differences for Cr, Co and Ti (t-test p < 0.001). The highest ratio was observed when comparing serum Ti with the erythrocyte concentrations with a ratio of 6.
Discussion
Metal ions in THR. The levels of metal ions in the postoperative period provide an indicator of performance of the bearing, but acceptable levels of Co and Cr ions have yet to be determined. 41, 42 Comparison of reported data is complicated by variations in sampling, laboratory techniques, data analysis and many types of combination of implant. 5, 12, 23, 30, [42] [43] [44] [45] In this study, we found significantly higher levels of Cr and Co at three months in the hip resurfacing than in the THR group (Table III) . Further evaluations did not show significant differences. The resurfacing group reached a steady-state level at one year compared to the THR group, where it did not change significantly after three months. The level of Ti ions was significantly elevated in resurfacing and THR on all post-operative evaluations compared to the pre-operative levels. It was higher in resurfacing than in THR at all followups, although Ti is not part of the bearing surface and its presence must result from ion release from passive metal corrosion (Table III) .
The randomised design of this study reduced bias from patient selection as all the patients were suitable for both procedures and had similar pre-operative diagnoses, gender, age, weight, height, clinical scores and distribution of ions (Tables I and III) . Although both bearings studied were made of wrought-forged, high-carbon content Cr-Co-Mo with the same surface roughness and sphericity, the major weakness preventing any conclusion on the effect of bearing diameter was the different radial clearances between both bearings. Metal ion release due to wear and passive corrosion. Besides wear on the bearing surfaces, passive corrosion of the exposed surface is a factor influencing the concentration of metal ions in the synovium and circulation. 46 When interpreting and comparing the results of our two groups of patients, it is hard to determine exactly what proportion of the measured Cr and Co metal ions arises from passive corrosion of bearing surfaces, the fixation surface, the taper junction in THR and wear of the bearing.
Our THR group had smaller exposed Cr-Co surfaces with 3.563 mm 2 in THR (2.224 mm 2 for the 28 mm head plus 1.339 mm 2 for the acetabular insert) and 9.128 mm 2 in hip resurfacing (5.238 mm 2 for the 48 mm head plus 3.890 mm 2 for the acetabular component). In order to estimate the effect of passive corrosion, we measured Ti ions as these would arise from nonarticulating surfaces. The THR implants have a Ti gritblasted stem and acetabular component shell, and the resurfacing implants have a plasma spray coating to enhance osteointegration of the acetabular component. The Ti ions in our THR and hip resurfacing groups were respectively 2.3 and 3.2 times higher than the pre-operative levels two years after operation. In both groups, a steady state was not seen until two years, with a significant decrease Box plot chart of pre-and post-operative Co levels (μg/L) in whole blood for the hip resurfacing and total hip replacement groups. Box lengths represent the interquartile range (first to third quartiles). The line in the center of the boxes is the median value. Data represented by 'o' are outliers (being more than 1.5 to 3.0 times the interquartile range over the third quartile), and data flagged by '*' are extreme values (more than three times the interquartile range over the third quartile). NB: hip resurfacing results (pre-operative 3, 6 and 12 months) were published previously. Box plot chart of pre-and post-operative Cr levels in whole blood (μg/L) for the hip resurfacing and total hip replacement groups. Box lengths represent the interquartile range (first to third quartiles). The line in the centrer of the boxes is the median value. Data represented by 'o' are outliers (being more than 1.5 to 3.0 times the interquartile range over the third quartile), and data flagged by '*' are extreme values (more than three times the interquartile range over the third quartile). NB: hip resurfacing results (pre-operative 3, 6 and 12 months) were published previously. Box plot chart of pre-and post-operative Ti levels in whole blood (μg/L) for the hip resurfacing and total hip replacement groups. Box lengths represent the interquartile range (first to third quartiles).
The line in the center of the boxes is the median value. Data represented by 'o' are outliers (being more than 1.5 to 3.0 times the interquartile range over the third quartile), and data flagged by '*' are extreme values (more than three times the interquartile range over the third quartile).
over time. Jacobs et al 26 obtained similar results at three years after operation, with a threefold increase of Ti ions in a THR group using titanium components. In their recent 30-year follow-up of patients with pure Ti proximal femoral replacement stem and first generation metalon-metal Cr Co bearing, Dunstan et al 47 reported a 50% elevation of Ti ions with no statistically significant difference between metal-on-metal and metal-on-polyethylene bearings. Corrosion between two metals at tapered junctions is a known source of metal ions. 47, 48 Increased levels of Ti ions could also be directly proportional to the area of metal exposed to passive corrosion. The real surface exposed to corrosion in plasma spray coating is difficult to estimate, but the porosity of this surface increases the area exposed to Ti corrosion compared to a grit-blasted surface.
In reports featuring different devices for hip resurfacing but each relying on porous fixation of the Cr-Co acetabular component, the serum ion levels were greater than in our study. [23] [24] [25] This may in part be due to passive corrosion, in contrast to the Durom system which uses Ti plasma spray for fixation. Such a difference may be the main reason for the varying levels of metal ions reported. However, it is uncertain whether it is preferable to have higher levels of Cr and Co ions and avoid release of Ti ions, or the reverse situation. Biological effects of Ti. Little research has been directed to the biological effects of increased levels of Ti ions in the human body. The advantages of Ti include a low modulus of elasticity, 49 very low immunogenicity 50 and an affinity for bone ongrowth or ingrowth fixation. 51, 52 Chronic professional exposure can selectively accumulate titanium tetrachloride in the lungs and adjacent lymph nodes and 53 In a study of failed THRs it was concluded that there was no difference in the acute or chronic inflammatory reaction between titanium and Co-Cr debris. 54 However, the poor wear characteristic of titanium as an articulating surface on THR has resulted in extensive production of titanium debris with associated osteolysis and premature loosening of the implant. 55 Additionally, there are reports of chromosomal changes being associated with high levels of titanium ions. 56, 57 The successful CLS/AlloFit THR system (Zimmer), with a titanium stem and acetabular shell, releases a significant amount of Ti even two years after implantation, but without any detrimental effect being described. 58, 59 Moreover, a report on metal ion release after spinal fusion in young scoliotic subjects in our study (Cr: 1.0 to 1.5 μg/L; Ti: 2.6 μ/L). 60, 61 Yet young female subjects with spinal arthrodesis still go through their childbearing period with their metallic implants. Surprisingly, little concern has been raised regarding the potential adverse effects of metal ions in orthopaedic subspecialities other than hip arthroplasty. 16 Only three non-randomised studies comparing smallerdiameter metal-on-metal THR and hip resurfacing appear in the literature. One of these described significantly elevated levels of serum Cr and Co at three months, one and two years in the hip resurfacing group, with median Co levels at two years being 1.8 μg/l versus 4.3 μg/l (p = 0.002) for 28 mm Metasul bearings and Birmingham hip resurfacing, respectively. 24 However, two other reports have failed to corroborate these findings. 59, 60 We were unable to find a significant correlation between post-operative levels of Cr, Co and Ti and factors such as age, weight, body mass index, clinical scores, activity level and femoral offset. The limited number of patients with angles of inclination of the acetabular component > 55°p robably prevented any correlation between component orientation and release of ions being established. As reported previously, with Durom hip resurfacing, 30 increased Cr and Co levels were apparent in smaller acetabular component sizes, but this was also apparent in the THR group, where the diameter of the bearing did not vary with the size of the component. Similar observations were made with Ti ions which are not derived from the bearing surface. Gender association with component size seems a confounding factor explaining these findings.
Even with different bearing diameters and clearances, hip replacement and 28 mm meal-on-metal total hip replacement produced similar Cr Co metal ion levels in a randomised controlled study design. Apart from wear of bearing surfaces, passive corrosion of exposed metallic surfaces is a factor influencing ion concentrations. Introducing Ti plasma spray coating for a hip resurfacing acetabular component produced significantly higher release of Ti than Ti grit-blasted surfaces of THR components. The relevance of this observation is not yet fully understood.
